INTRODUCTION
Advanced therapy medicinal products belong to an emerging field in medical science. The field includes gene therapy, somatic cell therapy, tissue engineering, or combinations thereof. To develop such new approaches, several issues, such as target identification, determination and optimization of adequate methods, transport and implementation of new therapies, and advanced monitoring of the effect of the complete product, have to be addressed. For gene therapy, implementing the transfer of therapeutic nucleic acids, virus-based and non-viral delivery strategies have been explored. Adenovirus (Ad) is a widely used vector for gene transfer in gene therapy, which has been thoroughly studied regarding the structure and replication cycle. 1, 2 In terms of vector usage, Ads have experienced a long-time development that is still ongoing. 3, 4 From the first attempts to exploit virtual wild-type Ad, progress led to the development of the third-generation Ad vector that lacks almost all original viral DNA sequence and is termed high-capacity adenoviral (HCAdV) or helper-dependent adenoviral (HDAdV) vector. 5, 6 The vector production procedure, which is also applied in this study, is established to current good manufacturing practices standard (ClinicalTrials.gov: NCT01433133 and NCT00542568). [7] [8] [9] This and other advantages like the ability to transduce a large variety of dividing and nondividing cell types, lack of viral protein expression, capacity of up to 36 kb of foreign DNA, and a very low risk of insertional mutagenesis, because of an episomal status of vector genome in transduced cells, make it a very attractive delivery system. 8 Attractive genetic cargos to be delivered for gene therapeutic approaches are designer nucleases like zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs), both acting as a protein dimer and requiring two separate expression cassettes, or the CRISPR/Cas9 system. 10 Designer nucleases as tools for precise editing of DNA are handled as a new milestone in science, and efficient delivery is an inevitable issue to be solved. Several studies exemplified successful application of Ad vectors for the delivery of designer nucleases. For instance, ZFNs were delivered by adenoviral vectors. 7, [11] [12] [13] Similarly, intact TALEN sequences could be maintained as individual expression cassettes in first-and second-generation adenoviral vectors, [14] [15] [16] as well as a complete TALEN pair in HCAdV. 7, 17 The CRISPR/Cas9 system was packed in early generation adenoviral vectors, too, including the expression cassettes of Cas9 and guide RNA (gRNA) apart 18 or in combination. [19] [20] [21] [22] The latest development in the field of hepatitis B virus (HBV) gene therapy was the use of recombinant single-stranded adeno-associated viruses (ssAAVs) for co-delivery of Cas9 expression units, which was derived from Staphylococcus aureus (SaCas9) in combination with one gRNA. 23 Here, the manufacturing of a multi-compound CRISPR/Cas9 construct harbored in one HCAdV was established and tested on its feasibility. The chronic HBV infection serves as an exemplary disease for the application of designer nucleases targeting multiple DNA sequences in a virus genome ( Figure 1A ). The HBV is an enveloped DNA virus, and the replication includes the formation of covalently closed circular DNA (cccDNA), a persistent DNA species in the nucleus of infected cells. 24 The cccDNA is the major hurdle in chronic HBV infection. If the immune system fails to eliminate the virus during acute infection, the virus nests itself within the infected cells as episomal cccDNA (Figure 1B) , leading to a chronic state of infection. Current therapies of chronic HBV infection target the process of viral replication or inhibit the inflammatory process to prevent continuing liver damage. Both strategies have in common that they require long-lasting medication with strict adherence to prevent reactivation of the infection. 25 In this sense, a strategy to attack the persistent HBV DNA using geneediting tools to induce mutations or even complete destruction of the HBV genome would provide a basis for advanced therapeutics to cure chronic HBV infection.
In this study, complete nuclease systems with newly conceived TALEN arrays targeting the HBV genome or published chimeric gRNA sequences for the CRISPR/Cas9 system from Kennedy et al. 26 and Lin et al. 27 were introduced into HCAdVs. Both elements of a TALEN pair or the CRISPR/Cas9 system, including three gRNAs expressed from the Pol-III U6 promoter and a Cas9 expression cassette, were cloned into a shuttle vector and then transferred into the HCAdV production plasmid. TALEN expression was driven 30 The target sites for the CRISPR/Cas9 system were adopted from Kennedy et al. 26 (HBV-RT) and Lin et al. 27 (P1 and XCp). (B) Illustration of the anti-HBV strategy against the background of the hepatitis B virus replication cycle. Upon entry of enveloped virions into liver cells, the capsid with the relaxed circular (rc) DNA is released into the cytoplasm and the DNA enters uncoated the nucleus. Here, the rc DNA is completed to form the covalently closed circular (ccc)DNA. The cccDNA can be eventually cleared out, silenced, or integrated into the host genome. Usually it is episomally maintained in the nucleus and is transcribed and translated by the host cell machinery. Subsequently, newly formed viral genomes are encapsulated together with the translated viral polymerase (P) through the translated capsid proteins (C). The nucleocapsid either migrates back to the nucleus to increase the pool of cccDNA or it is internalized by the endoplasmatic reticulum. In the latter process, it is enveloped with ER-membrane that already harbors translated viral surface proteins (S). Finally, it buds and is released from the cell. The cccDNA is the target for designer nucleases, which cut double-stranded DNA. The aim is to induce mutations or even degrade the cccDNA completely. RNAi acts on a later stage of replication, namely on the transcribed RNA. The RNA is marked for degradation through the host cell machinery, including the RNA-induced silencing complex (RISC), and, in this way, viral replication is shut down. (C) Enlargement of the target sites in the surface antigen ORF. TALEN-binding sites (TALEN S1 and TALEN S2), which were based on the previously published RNAi target site (HBVU6no.2) and Cas9 localization site (gRNA HBV RT), lie in close proximity and can be easily compared.
www.moleculartherapy.org Molecular Therapy: Nucleic Acids Vol. 12 September 2018from the liver-specific human alpha-1-antitrypsin (hAAT) promoter in combination with the HCR-1 (hepatic locus control region 1) of gene locus ApoE. Expression of the Cas9 endonuclease was controlled by a chicken b-actin short promoter (CBh).
Activity of nucleases was either tested on cells transiently transfected with the 1.3Â HBV genome containing plasmid pTHBV2, 28 
RESULTS

Characterization of Designer Nucleases
The TALENs used in this study were designed on the basis of RNAi target sequences published by McCaffrey and colleagues. 30 The three target sites in the HBsAg-open reading frame (ORF) (S-TALEN), protein X-ORF (X-TALEN), and HBcAg-ORF (C-TALEN), respectively, were chosen based on the performance in the RNAi experiments on the one hand and on the other hand on the location far apart from each other on the HBV genome. Therefore, all HBV ORFs were affected at least once ( Figure 1A ). Appropriate target sites were found by applying the web-based software TAL Effector Nucleotide Targeter. 31 The target sites were specifically designed for the HBV genome used in the experiments (subtype, ayw3; genotype, D3), but the conservation profile of the binding sites among the different HBV genotypes was also analyzed using representative genotypes ( Figure S1 ). TALENs were cloned utilizing Voytas lab Golden Gate cloning method, 31 and the respective expression vectors pCS2TAL3DD and pCS2TAL3RR 32 were modified such as TALEN expression is driven from the hAAT liver-specific promoter. Besides TALENs, three CRISPR/Cas9 gRNA sequences were adopted from published studies by Kennedy et al. 26 (HBV-RT) and Lin et al. 27 (P1 and XCp), and then they were cloned into expression vectors following the Zhang lab cloning protocol. 33 Furthermore, all three gRNA expression cassettes were combined into the expression vector pShV, also including the Cas9 expression cassette. 34 The detailed localization of the TALEN, CRISPR/Cas9, and small interfering RNA (siRNA) target sites in the HBsAg-ORF is shown in Figure 1C . Because of the close proximity of these target sites, comparisons of efficacy in this study were mainly based on this location.
The functionality of the different constructs ( Figures S2 and S3 ) was tested after transient co-transfection with the HBV replicationcompetent plasmid pTHBV2 into HEK293 cells. Induction of specific nuclease-mediated mutagenesis was detected by a mismatch-selective endonuclease assay (Figure 2A) , and the estimated gene modification was calculated using the formula developed by Miller et al. 35 ( Table 1 ). The three different TALEN pairs induced mutations at a comparable rate, ranging from 5.7% induction through the TALEN pair targeting the HBcAg-ORF and 9.4% induction through the TALEN pair targeting the protein X-ORF. To conduct a comparative study to a previously published HCAdV-delivered small hairpin RNA (shRNA) coding sequence against HBV (HBVU6no.2, here shRNA-S) by Rauschhuber et al., 36 we continued the work in this study with the TALEN pair directed against the HBsAg-ORF, which achieved a targeted disruption of 7.3% of the corresponding ORF.
Co-transfection of the CRISPR/Cas9 construct containing all three gRNA expression cassettes with pTHBV2 into HEK293 cells resulted in different target disruption efficiencies for the different target sites. The gRNA HBV-RT, which was directed to the coding sequence of the YYMD motif of the catalytic domain of HBV polymerase and at the same time also to the HBsAg-ORF, performed best with a targeted disruption of 14.0%. The gRNAs published by Lin et al. (P1 and XCp) were less efficient, with mutation induction percentages of 9.4% for P1 and 3.0% for XCp. The CRISPR/Cas9 genome-editing efficacy was additionally quantified by sequence trace decomposition 37 (Table 1) . Here, the targeted disruption percentage was confirmed for gRNA P1 with an efficiency of 9.2%. In contrast, the results for HBV-RT and XCp were about three times higher compared to the efficiencies determined by the mismatchselective endonuclease assay. The gRNAs HBV-RT and XCp achieved 37.4% and 10.1% targeted disruption, respectively, as measured by sequence trace decomposition.
In a next step, the expression cassettes of the left and right TALEN subunits directed against the HBsAg-ORF were combined in one plasmid under the control of the liver-specific hAAT promoter.
After co-transfection of nuclease-expressing plasmids with pTHBV2 into the human liver cancer cell line Huh7, concentrations of HBsAg were measured with an enzyme immunoassay ( Figure 2B ). HBsAg concentrations were significantly reduced after treatment of the cells with the CRISPR/Cas9 system directed by the three gRNAs HBVRT, P1, and XCp in combination. In contrast, the TALEN pair directed against the HBsAg ORF caused no significant reduction of HBsAg concentration in the supernatant.
Characterization of HCAdV Vector Constructs
Vectors containing the triple-guide RNA construct or the double HBsAg-TALEN construct were produced using a well-established protocol 9,38 employing helper virus (HV) co-transductions for HCAdV amplification in the producer cell line 116. 39 Production was finalized in purified large-scale batches of HCAdV, which were analyzed regarding concentration, purity, and vector integrity.
After purification of the HCAdV, a basic characterization was performed based on the concentration of the HCAdV by optical density (viral particles [vps] ) and the level of infectious particles of HCAdV versus HV in final vector preparations quantified by qPCR (infectious units [IUs] ). For the vp titer, viral DNA was extracted from the vector preparation, and the OD 260 was measured and converted to number of particles per milliliter by use of the extinction coefficient of wild-type adenovirus, as determined by Maizel et al. 40 The IUs were identified by virus-selective qPCRs on genomic DNA isolated from cells 3 hr posttransduction. In Table 2 the titers of different vector preparations are summarized, and parameters as particle-to-infectious unit ratio (vp:IU) for HCAdV, representing the infectivity of the HCAdV, and infectious unit-to-particle ratio (IU:vp) for HV, as an indication of HV contamination, are provided. The Food and Drug Administration has recommended that the infectivity of clinical grade Ad vector be <30:1, 41 and this objective was met by the vector preparations. Furthermore, low HV contamination levels (<0.2%) could be achieved.
HCAdVs harboring TALEN sequences or the triple-gRNA construct were tested on genomic integrity by NotI and PspXI restriction enzyme co-digest of isolated viral DNA ( Figure 3A ). As controls, isolated HV DNA and isolated original empty and full vector plasmid DNA were digested and analyzed by agarose gel electrophoresis. The digested viral genomes revealed on the gel the band patterns that resembled their parental vector plasmids without the bacterial plasmid backbone. This was an indication that DNA rearrangements had been successfully avoided. In addition, the lanes containing the viral genomes clearly differed from the lane containing the digested HV genome, substantiating the titration outcomes. All vectors used in this study are summarized in Figure 3B .
Inhibition of HBV Infection In Vitro
After producing HCAdVs that express either one of the nuclease systems, our vectors were challenged in infection models of HBV. Transduction of HepG2.2.15 cells with nuclease-expressing vectors for 9 days resulted in a reduction of HBsAg secretion of about 54% by the CRISPR/Cas9 system and about 14% by the previously published RNAi vector in relation to untreated HepG2.2.15 cells ( Figure 4A ). The TALEN vector did not induce any reduction of HBsAg secretion as well as the control CRISPR-mock vector. Measurement of secreted extracellular HBV DNA molecules by qPCR revealed a prominent decline at day 9 down to one-20th of the reference level in untreated cells ( Figure 4B ). In comparison, the HBV DNA levels in the medium of mock-treated cells ranged at three-quarters of the reference level. Intracellular HBV DNA levels were also analyzed by qPCR ( Figures 4C and 4D ). In untreated HepG2.2.15 cells, about 500 HBV DNA molecules were detected per cell. Interestingly, this number was raised about 4-fold in mock-treated cells. In contrast, the HBV-specific CRISPR/Cas9 system induced a decline to about 150 copies per cell. The HBV sequence amplified by qPCR was located outside of the nucleaseinduced mutations, providing evidence for a mechanism of reduction of HBV DNA quantity. A corresponding outcome was found for cccDNA determination by cccDNA-selective qPCR from T5 exonuclease-digested samples. Interestingly, treatment with the CRISPR-HBV vector reduced the cccDNA content to 0.3 copies per cell, indicating a statistical clearance of 70% of the cells from cccDNA. To verify the required non-cccDNA elimination in the aforementioned assay, PCR products of T5 endonuclease-digested and undigested templates were separated on an agarose gel (Figure 4E) . Reduction of PCR products after T5 endonuclease treatment proved the digestion of template DNA, which was not in a supercoiled circular state. In line with the premise that HBVtransgenic mouse serum does not contain cccDNA, there was no amplicon detected in T5 endonuclease-treated serum samples. To further evaluate the effect of the designer nuclease-bearing vectors, HepG2-NTCP cells were infected with HBV and transduced with the respective constructs. This HBV model mirrors in a more accurate way the HBV infection, as the viral DNA is derived from the natural HBV and expression of viral genes and replication of the genome depend on the newly formed cccDNA. 42 After infection with HBV and subsequent transduction with the therapeutic or control vectors, HBeAg ( Figure 5A ) and HBsAg ( Figure 5B) concentrations were measured 3 and 6 days post-transduction as parameters of viral gene expression. After 3 days, the therapeutic CRISPR-vector induced a 37% reduction, and, after 6 days, a 45% reduction in HBeAg concentration relative to HBV-only-treated cells. The mock-CRISPR vector also lowered the HBeAg secretion, but not to a statistically significant extent. The TALEN vector did not alter the expression of HBeAg at all in comparison to HBV-only-treated cells. The HBsAg levels after treatment were only measured on day 6 in therapeutic CRISPRtreated and HBV-only samples. The reduction of 76% of HBsAg concentration in the supernatant relative to HBV-only-treated cells was more prominent than the measured loss of HBeAg. The mock treatment induced a similar effect for HBsAg as for HBeAg. All significant differences to the reference antigen level in HBV-only-treated samples are indicated by an asterisk in Figures 5A and 5B. The results are in accordance with the change in total HBV transcripts measured in isolated RNA of treated cells ( Figure 5C ). CRISPR/Cas9-treated cells with therapeutic gRNAs showed a significant reduction of total HBV transcripts of 54% on day 3 and 64% on day 6, respectively, relative to HBV-only-treated cells. In line with the previous results was the loss of total HBV DNA content in therapeutic CRISPR-treated cells of 39% on day 3 and 78% on day 6, respectively, relative to HBV-only-treated cells. Of note, here too the mock treatment resulted in an elevated HBV DNA level on day 3 but without statistical significance ( Figure 5D ).
DISCUSSION
Gene-editing techniques provide a whole new repertoire of tools to correct certain maladies for which no option of treatment or cure at all exists. A critical issue in the development of new treatment strategies is the delivery of the therapeutic agent. Here we present a delivery strategy based on packaging expression units into adenoviral vectors.
HCAdV vectors represent an advanced vehicle option for diverse and large genetic cargos. Their capacity and lower immunogenicity compared to earlier adenoviral vector generations belong to the main advantages. 43, 44 The lowered immunogenicity of these vectors counts only for the acquired immune system native for the applied serotype, because the viral gene expression is omitted. However, the immunogenicity of the incoming capsid is still present. Moreover, the vector used in this study is derived from human adenovirus type 5 (Ad5), which is the most commonly used type in gene therapy but also has high prevalence of pre-existing immunity in human populations. It is possible to bypass the immune response induced by the incoming viral proteins, for example, by shielding the viral particle with polyethylene glycol (PEG). 45 In addition, PEG modification counteracts vector sequestration in the bloodstream. 46 Other approaches include capsid modification to ablate blood coagulation factor X binding to the hexon 47, 48 or vector pseudotyping, in which Ad5 vectors are engineered with capsid parts from other serotypes with low pre-existing immunity to circumvent vector neutralization and, more importantly, acute toxicity. 49, 50 A comparable strategy for vector optimization is to completely switch the vector serotype to a rare type. 51 A study from Wang et al. hypothesized that the cargo itself might pose another challenge by induction of Cas9-specific immune responses. 52 By using adenoviral vectors, the transferred genetic material is delivered in an episomal and transient way. On the one hand this can be advantageous with respect to limitation of the cargo immunogenicity, but on the other hand the dosage has to be carefully evaluated to guarantee the desired effect. Translational targeting as it was implemented here by using a liver-specific promoter is a strategy to counteract undesired side effects in cells other than the hepatocytes. 53, 54 Another method for translational targeting is the post-transcriptional downregulation of transgenes. 7 Such an approach would require the comparison of the microRNA (miRNA) expression profile in the optimal case from HCAdV-and HBVinfected primary hepatocytes against a panel of cells from various human cell types in order to find candidate miRNAs that downregulate the transgene expression in cells other than hepatocytes.
Chronic HBV infection is still a worldwide threatening disease with no complete reliable cure. Although the lifespan of patients can be extended to a normal level with current therapeutics, the quality of life is impeded by regular medication administration and side effects. In addition, the elevated risks for liver damage and liver cancer accompanying the HBV infection are not restored to normal risk levels because of the sustained impact of the suppressed infection.
A potential solution to this problem might be achieved by designer nuclease-based therapy, which promises the complete eradication of latent HBV genomes. The effective eradication of the HBV genome from infected cells can also decrease the risk of a superinfection with the hepatitis delta virus, which is dependent on HBsAg production. This is in contrast to nucleos(t)ide analog RT inhibitors, which repress reverse transcription of the HBV genome but leave viral protein translation unaffected.
The approach applied in this study includes the delivery of expression units of three gRNAs along with one Cas9 in a one-vector system. In comparison to a recently published study, which utilizes ssAAVs to deliver one gRNA and one Cas9 expression unit from Staphylococcus aureus, 23 this approach promises a more radical attack against the HBV genome. This study also confirmed the observation of others that the HBV cccDNA was rather degraded than mutated by CRISPR/Cas9 cleavage. 55, 56 In theory, the probability of complete degradation of HBV cccDNA increases with every gRNA, and additionally multi-species targeting is possibly independent from consensus sequences. The presented reductions of HBV markers of replication in this study never went below the detection limit, which can be achieved with current therapeutic treatments. Possible reasons for this are that either a relatively short time frame was examined or data were collected in a model with high HBV content and cell turnover, which may lead to higher thresholds to asses significant activity. Nevertheless, the reductions in these experimental settings give reason to initiate further studies in a clinically relevant HBV infection animal model in vivo.
Comparison of TALENs with the CRISPR/Cas9 system in this study showed fewer efficacies of the TALENs in the context of the viral vector, although mutational activity was equal in transfection experiments. Of note, transfection experiments in a liver cell line also showed no effect from the TALEN system, but it was hypothesized that this was due to poor transfection efficiencies. Therefore, it was tried to enhance their potency by vectorization, which turned out unsuccessful in the later experiments. This suggests that there are difficulties with the vectorization of TALENs, which are not encountered with the CRISPR/Cas9 system, and we hypothesize that multiple factors may be responsible for the non-performance of HCAdV-TALEN vectors. It could be speculated that these issues are caused by the repeated sequences present in the repeat variable diresidues (RVDs). Although we did not observe major rearrangements in the analytic restriction enzyme digest, the occurrence of smaller deletions of, for instance, RVDs cannot be excluded. We performed Sanger sequencing only into the ends of the TALEN sequences, but not over the repetitive structures.
Another important issue could be the used promoter driving expression of designer nucleases. In plasmid-based experiments, we used the strong CMV promoter to drive expression of TALENs, and in HCAdV-mediated TALEN delivery, we applied the tissue-specific hAAT promoter. In contrast, Cas9 in the context of the CRISPR/ Cas9 system was expressed from the strong CBh promoter in both non-viral and HVAdV approaches. The designer nuclease systems were additionally compared to a previously vectorized shRNA expression cassette. 36 Here we could find equal to or superior suppression of antigen expression by the CRISPR/Cas9 system. Furthermore, because of the mutational effect of the designer nucleases, we believe the designer nuclease-mediated reduction to be a more permanent effect than the one by inhibition by RNAi. Here we found a reduction of cccDNA copy numbers to less than one copy per three HepG2.2.15 cells. In concordance with previous studies, 23 we speculate that this may be due to definite loss of cccDNA caused by degradation. It is of note that HepG2.2.15 cells are considered to contain about 10 copies of cccDNA per cell, 57, 58 but here only 1.3 copies per cell were measured in untreated samples, and, therefore, copy numbers are potentially underestimated. This may have a methodological reason but this phenomenon needs to be analyzed in further detail. Furthermore, we observed a difference for quantified total intracellular and extracellular HBV DNA and the amount of cccDNA (Figure 4) . Especially the intracellular HBV DNA level in CRISPRmock-treated HepG2.2.15 cells was significantly higher than those in the untreated control. That adenovirus can increase HBV infection parameters, such as HBsAg levels, in mice shortly after infection was also observed in another study in mice. 36 To further shed light on this phenomenon, it is of note that previous studies suggested that adenovirus types binding to a v integrins as co-receptor, such as Ad5 used in the present study, activate several signaling proteins, such as phosphoinositide-3-OH kinase (PI3K). 59 PI3K plays a role in the autophagy pathway, which is also involved in the HBV DNA replication. 60 Thus, circumventing activation of this signaling pathway by using alternative adenovirus types (e.g., serotypes 40 and 41 61 ) may, therefore, further increase CRISPR activity in adenovirus-based approaches.
In summary, this study can be considered as a valuable improvement to the already known state of the art, which expands the possible use of the CRISPR/Cas9 system in the context of viral vectors by the inclusion of multiple gRNAs. Beyond that, the addition of further elements like immunomodulatory factors is imaginable to improve the system even more in the combat against chronic HBV infection. Future objectives are to test our vectors in animal models of HBV infection and eventually to optimize the vector for the needs of human application.
MATERIALS AND METHODS
Cell Culture
The cell line HepG2.2.15 (stably transfected with the HBV genome) was cultured in William's Medium E (PAN-Biotech, Aidenbach, Germany), supplemented with 10% fetal bovine serum (FBS, Standard Quality, EU approved, PAA, Pasching, Austria), 1Â minimum essential medium (MEM) with non-essential amino acid (NEAA) solution (100Â) without L-Glutamine (PAN-Biotech, Aidenbach, Germany), 100 U/mL penicillin, and 0.1 mg/mL streptomycin (Pen/Strep, PAN-Biotech, Aidenbach, Germany). Cell culture vessels were coated with collagen A (Biochrom, Berlin, Germany) prior to seeding. The human hepatoma cell line Huh7 was maintained in DMEM (PAN-Biotech, Aidenbach, Germany) supplemented with 10% FBS, 1Â MEM NEAA, and Pen/Strep. HEK293 cells were grown in DMEM supplemented with L-glutamine, 10% FBS, and Pen/Strep. The HCAdV producer cell line 116, which is based on the HEK293 cell line stably expressing Cre recombinase, 39 was cultured in MEM Eagle with Earle's balanced salt solution (PAN-Biotech, Aidenbach, Germany) supplemented with 10% FBS, 100 mg/mL hygromycin B (PAN-Biotech, Aidenbach, Germany), and Pen/Strep. The FBS concentration in the medium was reduced to 5% and antibiotics were omitted during virus production. This cell line is obtainable from Philip Ng (Baylor College of Medicine, Houston, TX). HepG2-NTCP-K7 cells, which stably overexpress the NTCP as an entry receptor for HBV, were cultured on collagen-coated plates in full DMEM (10% fetal calf serum [FCS] , 1% Pen/Strep, 1% sodium pyruvate, 1% NEAA, and 1% Glutamin; Life Technologies, Darmstadt, Germany). Before HBV infection, the culture medium was replaced with differentiation medium (full medium plus 2.5% DMSO; Sigma-Aldrich, Taufkirchen, Germany). Cells were infected with HBV 100 genome equivalents/cell (GEq/cell) in differentiation medium plus 4% PEG6000. All cell lines were maintained in a humidified incubator at 37 C and 5% CO 2 .
Plasmid Construction TALEN pairs for HBsAg (S), HBcAg (C), and protein X (X) knockout were designed by the TALEN Targeter program (https://tale-nt.cac. cornell.edu/). The target sequences of the binding domains were for HBsAg 5 0 -T-CAGCCCGTTTCTCCTGGCTC and 5 0 -T-ACGAAC CACTGAACAA with a 15-bp spacer, for HBcAg 5 0 -T-AGACGACG AGGCAGGTCCCC and 5 0 -T-GAGACCTTCGTCTGCGAGGC with a 17-bp spacer, and for protein X 5 0 -T-CTCTTTACGCG GACTCCCC and 5 0 -T-GCACACGGTCCGGCAGA with a 14-bp spacer sequence in between. TAL repeats were assembled by the Golden Gate TALEN and TAL Effector Kit 1.0 supplied by the Daniel Voytas laboratory (no longer available at Addgene, Cambridge, MA) 31 and cloned into the TALEN expression cassette of pCS2TAL3DD or pCS2TAL3RR, 32 which were before cloned into the multiple cloning site of a pBluescript-based vector. 62 Promoters were exchanged with an hAAT liver-specific promoter by restriction enzyme cloning. Therefore, the hAAT promoter was amplified by PCR and ligated into the PstI restriction enzyme site of the respective vector. The resulting plasmids were named pBS-p/p-dNotI-hAAT-TALEN-DD-S1 and pBS-p/p-dNotI-hAAT-TALEN-RR-S2.
Three gRNA sequences were adopted from published sources 26, 27 targeting either the ORF of HBV polymerase in the highly conserved reverse transcriptase domain (HBV-RT, TTCAGTTATATGGA TGATG), in the RNase H domain (P1, GTTTTGCTCGCAG CAGGTCT, with one position adjusted to the HBV genome sequence used in this project), and the ORF of protein X (XCp, GGGGGAGGA GATTAGGTTAA). The HBV-specific gRNAs were cloned into pX330-U6-Chimeric_BB-CBh-hSpCas9 (42230, Addgene, Cambridge, MA), following the protocol from the Feng Zhang laboratory. 33 The intermediate shuttle plasmid pShV 34 was constructed by insertion of a synthetic DNA fragment into the pEX-K plasmid (Eurofins, Ebersberg, Germany). The synthetic DNA fragment is composed of a multiple cloning site (MCS), which is flanked by a 112-bp and a 116-bp non-coding random DNA sequence that do not share similarity with natural DNA sequences. They function as homology arms (HAs) for site-directed homologous recombination into the HCAdV genome contained in a bacterial artificial chromosome (BAC). 63 The HA-flanked MCS is additionally flanked by the recognition sites for the homing endonucleases I-CeuI and PI-SceI, enabling the cloning into the HCAdV genome contained in the previously established plasmid pAdFTC. 62 Outside of the I-CeuI and PI-SceI restriction sites, SwaI sites were added to release the synthetic DNA fragment from the pEX-K plasmid. The plasmid backbone was then digested with NotI to remove the original MCS of pEX-K, blunted, and ligated with the released synthetic DNA fragment. The resulting www.moleculartherapy.org plasmid pShV served as the basis to create intermediate shuttle plasmids for cloning into the HCAdV genome.
To clone a TALEN pair-containing construct, the blunted SacII fragment from pBS-p/p-dNotI-hAAT-TALEN-DD-S1 containing the left TALEN targeting the HBsAg ORF was cloned into the HincII restriction site of pShV. Next, the blunted SacII fragment from pBS-p/p-dNotI-hAAT-TALEN-RR-S2 containing the right TALEN targeting the HBsAg ORF was cloned into the EcoRV restriction site of pShV-hAAT-TALEN-S1, generating the intermediate plasmid pShV-hAAT-TALEN-S.
To generate the intermediate plasmid containing the CRISPR/Cas9 system directed against HBV, the blunted XbaI/NotI fragment containing the hSpCas9 from pX330-U6-Chimeric_BB-CBh-hSpCas9 (Feng Zhang, plasmid 42230, Addgene, Cambridge, MA) was cloned into the EcoRV restriction site of pShV. The three gRNA expression cassettes were then subsequently cloned into pShV-CBh-hSpCas9. For this purpose, the expression units were amplified by PCR and restriction sites added by using primers with either NheI-(gRNANheI-fwd 5 0 -ATGCTAGCGAGGGCCTATTTCCCATGATTCC-3 0 ; gRNA-NheI-rev 5 0 -ATGCTAGCCTGCAGAATTGGCGCACG-3 0 ) or BamHI-restriction enzyme recognition sites (gRNA-BamHI-fwd 5 0 -ACTGGGATCCGAGGGCCTATTTCCCATGATTCC-3 0 ; gRNABamHI-rev 5 0 -TGAGGATCCTGCAGAATTGGCGCACG-3 0 ) at either end of the amplicon, respectively. First, the expression cassette for the HBV-RT gRNA was amplified using the NheI-primer set, digested with NheI, and cloned into the AvrII restriction enzyme site of pShV-CBh-hSpCas9, resulting in pShV-CBh-hSpCas9-RT. Second, the expression cassette for the P1 gRNA was amplified using the NheIprimer set, digested with NheI, and cloned into the NheI restriction enzyme site of pShV-CBh-hSpCas9-RT, resulting in pShV-CBhhSpCas9-RT-P1. Third, the expression cassette for the XCp gRNA was amplified using the BamHI-primer set, digested with BamHI, and cloned into the BamHI restriction enzyme site of pShV-CBhhSpCas9-RT-P1, resulting in pShV-CBh-hSpCas9-RT-P1-XCp. The I-CeuI/PI-SceI insert fragments of the different intermediate shuttle plasmids were cloned into the I-CeuI/PI-SceI of pAdFTC, 62 resulting in the respective pAdV-FTC/insert plasmids pAdV-FTC/hAAT-TALEN-S and pAdV-FTC/CBh-hSpCas9-RT-P1-XCp.
Adenovirus Production
The pAdFTC/insert plasmids were digested with NotI to linearize the pAdFTC/insert vector DNA and transfected with FuGENE 6 Transfection Reagent (Promega, Madison, WI) into 116 cells. 39 At 18 hr post-transfection, cells were transduced with the first-generation HV AdNG163R-2 39 containing a packaging signal flanked by loxP sites. To increase the titer of the HCAdV, five serial passages in 116 cells were performed. The virions containing the HCAdV-hAAT-TALEN-S or HCAdV-CBh-hSpCas9-RT-P1-XCp (in short HCAdV-CRISPR-HBV) vector genomes were purified by CsCl gradients. After one CsCl step gradient and one equilibrium gradient, the HCAdV vectors were purified at high titer (3E+09-1E+10 transducing particles per milliliter), with HV contamination lower than 0.2%.
The genome integrity of the adenovirus vector preparations was tested on virion DNA, which was isolated with a proteinase K-SDS lysis solution (1ÂTE, 0.5% SDS, and 0.1 mg/mL proteinase K) for 2 hr at 56 C, precipitated with ethanol, and then resuspended in 20 mL ddH 2 O. Analytical restriction enzyme digests, PCRs amplifying junctions in the vector construct, and Sanger sequencing were performed on viral DNA.
Transfection and Transduction Experiments to Test the Efficacy of Designed Plasmids and Vectors
Plasmid constructs were co-transfected with an HBV replicationcompetent plasmid, pTHBV2 28 ), or HCAdV-FTC/ CRISPR-HBV at an MOI of 200. Medium was collected every third day and renewed from the day of transduction (d0). Therefore, cells were washed before new medium was added. Total DNA was isolated on day 9 post-transduction. HBsAg was measured in the cell culture supernatant of Huh7 and HepG2.2.15 cells in a 1:10 dilution in PBS using the Monolisa HBs Ag ULTRA kit (Bio-Rad, CA). HBV-infected HepG2-NTCP-K7 cells were transduced with the same vectors at an MOI of 300. Medium and cells were harvested on days 3 and 6 posttransduction with HCAdVs. The medium was tested for HBeAg concentrations (Siemens Molecular Diagnostics, Marburg, Germany) and HBsAg concentrations (Abbott Laboratories, Chicago, IL). DNA and RNA were isolated from cells with the NucleoSpin Tissue Kit (Macherey-Nagel, Düren, Germany) and the NucleoSpin RNA Kit (Macherey-Nagel, Düren, Germany), respectively. Cell viability of NTCP-HepG2 cells was monitored before harvest with the CellTiter-Blue Reagent (Promega, Madison, WI), according to the manufacturer's instructions ( Figure S4 ).
Mutation Detection
For the T7 endonuclease 1 (T7E1) (New England Biolabs, MA) mutation detection assay, DNA sequences that span the target sites were amplified from purified genomic DNA by PCR using standard conditions for the OneTaq 2X Master Mix with Standard Buffer C. The reaction was stopped using a gel loading dye containing SDS and then resolved by electrophoresis on a 2% agarose gel for 1 hr at 100 V. The gel was analyzed with the Gel Doc EZ System (Bio-Rad, CA) and Image Lab Software Version 5.2 (Bio-Rad, CA). The gene modification rates were estimated using the following approximation: fractional modification = (1-(1-(fraction of cleaved bands)) 1/2 ), as introduced by Miller et al. 35 For quantification of the editing efficacy by a method named TIDE (tracking of indels by decomposition), the same PCR products were analyzed by Sanger sequencing (Eurofins Genomics, Ebersberg, Germany) and the chromatograms analyzed using the TIDE online tool.
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Quantification of HBV Total DNA, cccDNA, and Total RNA Total extracellular and intracellular DNA was quantified in duplicates from three separate samples by qPCR using My-Budget 5x EvaGreen QPCR-Mix II (Bio-Budget Technologies, Krefeld, Germany) in a 10-mL reaction volume, including 5 mL sample volume, according to the manufacturer's instructions, with the following primer set: C_qRT-for 5 0 -tagaagaagaactccctcgcctcg-3 0 and C-T7 rev 5 0 -cccagt aaagttccccacct-3 0 . qPCR was performed on the CFX96 Touch System (Bio-Rad, CA) using the following program: 95 C-15 min; 40Â (95 C-15 s, 59 C-20 s, 72 C-20 s, plate read); melt curve 65 C/98 C (D 0.5 C/5 s). Ct values were determined by use of the Bio-Rad CFX Manager 3.1 software using the single-threshold mode. Extracellular HBV DNA was isolated from 150 mL medium using an SDS-lysis buffer. Samples were normalized against same input volume and quantified relative to HBV-only samples using the DCt method. Intracellular HBV DNA was isolated from approximately 1E+05 cells using an SDS-lysis buffer. The same qPCR protocol and primer set were used as for extracellular HBV DNA quantification, and, additionally, HBV-Ct values were normalized by an B2M qPCR 65 using the 2 ÀDDCt method.
For cccDNA detection, 8.5 mL total cellular DNA was subjected to 30 min of T5 exonuclease (New England Biolabs, MA) digestion, as described in Xia et al., 66 with the exception that the DNA was precipitated with ethanol and resuspended in 12 mL ddH 2 O before performing the qPCR protocol, as described for total HBV DNA with the following primer set: P1_F 5 0 -gctttcactttctcgccaac-3 0 and P1_R 5 0 -accttgggcaatatttggtg-3 0 . Ct values were normalized against B2M from samples receiving the same treatment but without T5 exonuclease digestion. A control reaction was based on DNA isolated from HBV-transgenic mouse serum, as described previously, 67 which is considered negative for cccDNA.
Total cellular RNA was converted to HBV-specific cDNA and quantified with the Luna Universal One-Step RT-qPCR (New England Biolabs, MA). HBV total transcripts were amplified with primers binding on the common 3 0 end, published by Yan et al., 42 and GAPDH qRT-PCR was taken as the reference gene. 68 The qRT-PCR was performed on the CFX96 Touch System (Bio-Rad, CA, USA) using the following program: 55 C-10 min; 95 C-1 min; 45Â (95 C-10 s, 60 C-30s, plate read); melt curve 60 C/95 C (D 0.2 C/5 s). Ct values were determined by use of the Bio-Rad CFX Manager 3.1 software using the single-threshold mode. Expression ratios were calculated in relation to HBV-only samples using the 2
ÀDDCt method.
Statistical Analysis
Statistical calculations were performed on technical replicates using an unpaired two-tailed Student's t test, and differences were considered statistically significant when p was less than 0.01.
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